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HATIOHAL ADVISORY OOMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT:

AN INVESTIGATION OF AIRGRAFT HEATERS
IY TEE EMISSIVITY QF SEVERAL MATERTALS

By L. M. I. Boelter, R. Bromberg. and J. T Gier

SUMMARY

The mean effective emissivity as a function of temperature
for the surfaces of -several metals and insulating materials
has been detérmined. The surfaces are typical samples of the-
materials which are used in aircraft construction. A descrip-
tion and discussion of the mensuration technigue 1s nresented.
The data are evaluated over a range of surface temperatures
from spproximately 110° P to approximately 350° F.

Over the range of temperaturse investigated, it was found- -
that the mear effective emissivities of the surfaces tested
wvere approxinately constont with temperature when viewed nor-
mal to the surface; the several emlssivitles ranged from ap—
proximately 0.05 to approximately 0.85. The color of a sur-
face .1ls not a criterion for estimating the emlsslvity at the
vavelengthe and temperatures under consideration; texture ard
chemlcal composition of the surface are probably more reliable
criterions.

« The-reault obtained has been termed the "mean effective
emipelvity;" since it 1s a factor to be used in a particular -
equation involving temperatures determined by means of ther-
mocouples mounted in a particular manner, This definition
mist be kept in mind in using the velues of the emissivities
glven.

INTRODUCTIGH

.. & knowledge of the emissivities of the surfaces of mate-
rlals used 1n various placas on.the alrplene 1s needed when
a oomplete heat balance on an-alrplane or any of 1its parts 1s
underteken. In many cas~s, as masy be concluded 1f the com-
plete thermal circult is studied (referemce 1), radietion
provides the controllliig element in the circult. Large errors
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in the design of cebin insulation and of aircraft neaters
may be made 1f the emissivities of tha surfaces are not
eatimated closely.

It is the purpose of this report to present data on
the mean effective emissivity as a function of temverature
for the surfaces of some materlals used in the alrplane.
The values were obtainad by viewing the svecimens normal to
the surface. Further measurements on these and other mate-
riels over a greater range of temperatures, to include the
determination of the variation of emlssivity with angle,
are anticipated.

This program of research in the 8Spectro-Radiometric
Laboratory of the Department of Mechanical Engineering of
the Uriversity of Californim was conducted under the sponsor-
ship and with the firancial assictance of the Natioral Ad-
visory Committee for Aeronautics.

The authors wish to expross their appreciation to Messrs.
L, M. Grossman and H. F. Poppendiek for their assistance in
obtaining the data, and to Meesrs. E. Poeland and D, F. Sewoll
for thelr aid in the conatruction of the avparatus.

The materials used in the imnvestigetions were obtained
from the Douglas Aircraft Company, Senta Monica, California.

PROCEDURE Ai'D APPARATUS

Emissivity measuremonts were made on samoles of Inconel,
18-8 stainless stoel, 24S-T alciad eluminum alloy, and a cloth
covering of kapok imsulation in the following manner. The
test specimens were heatsd by contact with an electrically
heeted copver plate. Tho net excharnge of encrgy by radlation
between the heated specimon surface aad a thermopile radiom-
etor (referonce 2) was measured. The temporature of tho sur-
face of the test svecimen was measured by a thoermocouple.
From these moasurements of the surface temmerature and the
net radlant onergy oxchange, a mean effective emisalvity nor-
mel to the surface was calculated. (See appendix A.) The
following sketch 1llustrates the exverimental setun.
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DISCUSSION OF EESULTS AND CONCLUDING REMAPXS
The rosulte of the teste ere plottod in figures 1 to Y.

Tho data shown in figure 1 for 245-T algled slumimm
alloy indlcete that the mean effective emiassivity for the
painted surface is mary times that of the unpainted surface.
The camouflege-~green paint poesessee a highor mean offective
emigsivity than the zinc chromate pairnt, probably because of
the rougher surface of the former. The dotted curve for the
unpainted surface indicates that the experimontal data were
somewhat uncertain, although the magnitudcs presented are
probably accurate within 10 porcont.

Roferenco to figure 2 reveale that oxidation of the sur—
face of Inconel had little effect on the mean effective emis-~
slvity owing to ite high corrosion~resistance charzcteristice.

Althoﬁgh the emiseivity of untreated 18-8 stairl:ss
steel was not measured, it is belleved to be a low_value.
Oxidation of the surface by heating in air to 1500% and to
1000° ¥ and aleo by a solution of chromic and sulfuric acids
probably incroased the mean effective emiseivity. A roughen—-
ing of the surface (sand-blaeting) also incroased theoem:ls-
sivity, but not as much as tho high tempcrature (1500 )
oxidation. (8ee fig. 3.)




Tho approximate thickness of the peint on the surfaces

1s listod in the following table:
Approx. thlckness rango

Material (microns)
Aluminum painted cloth 12 - 18
Greer vpainted cloth 5 - 18
Paintod metal 2-5

Te emissivity of tho cloth sampls is lower whon paintad
with the aluminum than whenr painted with the green paint,
probably because of tho reflecting characteristic of tho
motal in the paint., (BSee fig. Y.

The mean effective ertissivity 5T &Il of the netnl gur-
faces mengured are emroximately indewendent of temmerature
between 100° and 3“Gb F. The same 1s true for the cloth -
speclnens between 100° ard 250°.F.

In usirg the emlssivitier ronortod heres, the tempora-
turos muet bo moasured es follows:®

Cloth surfaces! ©Smell cuts aro mede in tho cloth sur-
feco and thermocouples of Ho. 4O wiro imserted in those cuts
ir such a manner that tho thormocouplec are within a few
thousandthe of an inch of the surface. The wiros aro held
in place by means of collulose acotate cement.

Metal surfacee: Tho thermocoupln should be goidorod to
the surface with as small a soldorod Joint as poassible.

University of California,
Berkeley, Calif., October 1543.

APPRIDIX A
SYMBOLS
Ay area of gurface a, £t2
Ay area of gurfaco 1T, £4°
Ag area of surroundings, £t 2
Ca proportionality constant between voltege generatod

by thormopile e¢nd absorbod powor, 11livolts
Btu/ar




enlssive power of an.ideal radiator at wavelength

A and temperature T ﬂ-—Btu
e . 8 I fto_micronm

emlsslvo power of an i1deal radlator at wavelength

A and temperature Ty, gt\l
hr ft - micron

shape modulus, the fractlion of onergy originally
leaving a perfectly diffucing surface a of
uniform ‘temporature which reachos a surface b
bofore any roflections have taken place

[f cos $, cos & 4 Ay, dA,
el =
Ao Ay

(Seo0 reforences 3, pp. 11-12, 6, 7, and 8.)

shapo modulus, (samo as Fyg—ps but refers to
- onorgy leeving a Aincidont on 8)

ghape modulus, (samo es Fyc—g, but rofors to
onergy leaving b incident on s) :

shape modulus, (samo as Fpg—ny but rofers to
enorgy leaving b incident on a)

shape modulus, (srme as Ypg—ans» Dut rofers to
energy leaving s incident on a)

shape modulus, (same as Pyg—ns but refers to
energy lemnving s incident on D)

calibration factor of radiometor uscd, Btu/hr £t° mv

eloctromotive foroe gencreted by thermopile elomont
of radiomoter, mlllivolts

net exchange of rediant powor =t one body, Btu/hr

distanco botweon a point on surface =2 end a point .

on surface b, ft

absoluto tempernture of gurface o, °R



Ty ebsolute temmerature of surface b, °r
Tg absolute temperature of gurface s, °R

€ay m monochromatic emlssivity of gurface e =&t wvave-
AT, length A and tomperature T

€p nonochroretic emlscivity of swiface b at wave-
AT length A and temperature’ T
eﬂ}\ monochromatic cnlsslvity of surface s at wavo-
' Ty length A and tempernture Tg
e”‘m mean effective emlarivity of surface a at tem-
eTa perature T,
€p mean effective emissivity of surfoce d at tou-
meTy, pereture Ty
by, anzle betweon A ray to a poirt on surfrco n, and
the norm~nl to thet point
by angle between a ray to a point on surface b, and
the normel]l to that point
A wavolongth, nilcrons
aAn differential wavelength, microns

In ordor to calculrte the hoat transfer from n surface
by radiation, tho complete systom must be considoerod in the
analysis. This statement 1s best 1llustrated by the following

examplo!

A surfeco at a temperrture T, and having a monochro-
matlc emlgsivity ¢ A (emissivity ot wavolength A and
LR
tompeorature '.Ea) 1s in a large onclosure end 1s boing ir-

redicted by & hot surfoce at o torperature Ty, end hoving a
monochromrtic emissivity ey, T The surroundinge nre ot n
?

uniform tempernture equrl to Tg. Tho ercas aro.rcpresented
by 4. ond Ay, the aren of the surroundings boing Ags
A, end Ay are suffiolently small and foar epart that nll




pointe on A, may bde considerod equidistant from all points
. on Ay end that no interrofloctions take place. All surfaces

are opeque and perfectly diffuce. !me gketch 1llustrates the
gystem?
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\ Surfece a Surfece b

Surrourdings s

Surfrco a . Surfooce b Surroundings =
Arca Aq Ay Ag
Monochrometio

orissivity e,\-l\’ M., eb}‘-T'b 657\.1‘5 =1
Temper-ture Te. Ty Tg
Monochromatic

emiassive powor c“-)\.'l‘_.fEI}x.Ta eb?\,TbeI'A,T-b EIN, T,

Duo to the fret thet the surroundings aro large comparod
to the rrndieting surfacce & and b, the surroundings radi-
ate to those surfrces as if the surroundings had an emissivlty
of unity (refcrence 3).

Tho not amount of power absorbed by surface a 1is de-
sired. A radiation hoat brlence on surface e 1is accoiplished -
that 1s, tho difference boitwcen all absorbod and radiatod
powoer is obtalnod. The absorbed power is equal to the inci-~
dent power times the abeorptivity. The nonochromatic abeorp-
tivity is ogual to tho monochromatic omissivity (reference L).

The power sbsorbod at a 1is equel to tho sun of the following
tormsa:
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The power actually leavirg a 1s equal to the power &bsorbed
by surface b from a plus the power absorbed by surface s from
a. If there were any other absorbing bodies in the system, the
power absorbed by them from a would be added.

power radiated to D

from 8 and re- (3)
dA flected to a and

abgorbed at =a

The vower leaving a 1s equal to the sum of the following

terms:
f power radiated to ('b)
€ E AT € aA from a and ab- (L
a I a b<—a b
5 },Ta )"Ta K.T.b porbed at D
power radiated to Db
/ from & and re- (5)
ea‘;\ . EINT A F‘b<——akl E'b}\ >Fs<—-b € - aA i%:::ggdtgy ss and
'Ta a 'Tb g
power radiated
directly to s (6)
€ EI <«p € aa irom a and ab-
a?\,Ta AT, & 8%a B7\,TB gorbed at =&
o
Further terms can be written which will account for interre-
flections, but the effect of this »henomenon will be postulated
as negligibly emall.
The net power abgorbed at a 1s equal to
r ;! q
[ +(2) +(3)] -[ () + (5) + (6) ] (7
L

Combining the various terms and utilising the reciprocity rela-
tion (reference 3, p. 12),



by Ty = Fa,
Ay Fos—p =4g Fggmn, - | (8)
4y Pog—s Fag—d = 4n Fag—b Foa—ai

the expresslon

Qnot (Dot heat trensfer rato)

®
o [ 7
; |

[+ ]
r .
+ Ay Face—n feah’mp' LEI;\'TD‘ - EIK,TB) aA (9)

P -
A 1 - T -
+ 3 Poe—d f‘ﬂx,ma ( "Dx,ma> !_ InT, T UIAm ]‘n

1s obtained,

In general, all tho wericbleoa ir this equation would
have to be known in order to obtcin sn eccurato result. 4
cloge approxiantion to the corroct result noy be obtalned by
rcplaclng the monochromntic emisslvitlos, € and €y ’
Ty N

used in cquations (1) to (9) by constante (menn effective
emissivities) which vre cbtalnod by evoraging €opm, ood

€nNT, vithk regooct to EI?‘-Ta' EI"\.'I'b' ~nd EI?\,Ts ovor

the wevolengths involvod. Theose mean effectlve emlasivitles
eaﬂ"ﬂ!a and €p o, ere defined in such a nannoer As to yleld

the srmo result (gpe4) for tho tamperntures Ty, Ty, ond Tg.

Theso valuos aro given in this roport. Since the values of
enaT (nean offective emissivity of any.body =2t a. temperature

T) are averages, 1t rmust bo romerbered th~t thoy are aver~god
with respect to certoln wverinbles, and consequently nre to be
used only with those v-rinblos over the ronge theat the aver-
ages were takaen.
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For the case in which Tg= Ty equation (9) becomes

o 1
fast = %o Toe—s feame. “TA, [“IA.TG *Biag, | A (30)

0
and repl~cing e“A.Tn and ebk,Tb Yy eameT nnd ebmo

Ty

a
equatien (10) becenos

fnet = An qu_—a eeneTe, Ebmom'b f(EIA.T.ﬂ. B LI}‘!%) ar (1)

and, since (reference 3, p. 12)

?
l E-,  dA=g¢T%

) Ton
0
= 4 4
Anet = &n Fpe—s ep‘me‘l‘e_ ebmo‘l‘b a LTa - Tp ] (12)

Tho enissivity measurerents were medo under conditions
sntlsfying equetlons (10) ~nd (12). The nersursuents werc
mode o8 folloews:!

The thermopile radiomoter (reference 2) wrs used te ners-
uro the net interchange by r~dintien (gpet) betwcon the ther-
mopile rocelvor elenont ond the test surf-ce. It hos been
shown (referenmce 2) that the Dewor exchange by rodintlon is
directly oroportionsl to the clectro-motive force zcnorrted
by the therropile ne doternined by a poteatiomoter. OCnnse—~
quently, sincoe the houslng and surroundinge are :.t the ton-
porztura of the receivor elemont,

Gnot = Ca(mw) = &g Py €pnpgn “bey, ° ("*‘o.‘ - Tb“> (13)

In equation (13), ©, 1s o propertionality factor be-
twoen (gpet) and the elcctremotive force gercretud in milli-

volts. T, cod Eﬂncm now refer te the rediemotor rccelver.
B

elenent, ~nd Ty, and €b1°Tb to the test spocimcn. Albhough
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clent oxverimenta hevo been performed to indicate thot €

11

dnta have not been ebtained for the cemplete spectrun,.suffi-
] _ fner,,
(the menn effective emiosivity of the rodlemetor receiver
elomont) is censtant for the tomperature roangos uced. Solving
equatien (13) fer ‘bm% ~(the mean effective emissivify of

tho test epocimen) rosults in the cquctien .

c
bmeﬂ_\b <ep_nema! ) }I —n fol (TD.4 - Tb‘l)

oné, setting
c 1

a CP ;'

‘.Derlla

=x‘

b, = K (&) (15)
o Poc—n O (Tz; - T'b.')

K is obtained by cclibrntion with o radintion st-andrrd.

Cormarison of equations (10), (13), ~rd (14) shows thnt
(tak:Lug €ep\ m of the rrdionotor rocelvor elonent as con-
pin

stant with wevelength ond equnl te €enop )
Rt 1

f‘bhwb L ", 7 B, ] e
2 : (16)

€
bre
" o (Tg%- T

Thus, equation (16) shows that the mean effective emissivity of
a materinl (ebm%) is a function of eb7\,T1_.,' Tay cnd Ty

'In the moasuremonts ‘described, ‘T, was-held at room tompora-

ture, while Ty wes varied. Thua, the values obtained sre
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for varying specimen temperatures (Ty), but mist be usod with
the game valus of T, rs used in the exporiments. That is,

in computing redlant heat transfer from & surfoce, the values
of the mean effective omissivitics (.‘-meg_l) as obtaincd frorm the

curvos glven in this report may be used to a high degroo of
accuracy only 1f the radiation computed 1s to surfaces at .-
ordinery room tempersture. Actunlly, if the mean offoctive.
enissivity of the surface does not very much with temporature,
radiation to surfrces at other tomporaturos con be estimeted .
to a good degrea of srproxiration by using the seme moan
effective euissivity. The allowable variation in Ty =muy

be estimrted by inspection of the curves (fige. 1 to U4).
If tho slope of the emoT agelnot T curve 1s smell, or

zoro, 1t 18 orobsblo thet the vnlues of meen offectivo
enisslvity glven by these curves arec applicable over = wide
renge of valuos of the temperature of the other randiating
gurfaces in the systen.

For example, the curve for saad-blastod 18-8 stainloss
steol revsals that the values of mean offectivo enmissivity
glven are probebly applicnble in a system in which tho
tormperature of the othor rediating surfacos differ consider~
ebly from roon temperature; the curve for 24S-T slclad
pointed with camouflage~green pailnt cannot be used with
accurncy in a system in which the temporaturse of the onthor
rediating surfaces dlffer from the uwsusl room temperaturo
by a large amount.

It should bo erphnsizod that in any epolieation of thre
thernopile radiometer a completo analysls of the srston
would bo nocossary, and that tho conditions which obtain
in the application described previously mey not hold in
another syston.
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